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ABSTRACT
A number of transition disks exhibit significant azimuthal asymmetries in thermal dust emission.
One possible origin for these asymmetries is dust trapping in vortices formed at the edges of dead
zones. We carry out high-resolution, two-dimensional hydrodynamic simulations of this scenario,
including the effects of dust feedback. We find that, although feedback weakens the vortices and
slows down the process of dust accumulation, the dust distribution in the disk can nonetheless remain
asymmetric for many thousands of orbits. We show that even after 104 orbits, or 2.5 Myr when
scaled to the parameters of Oph IRS 48 (a significant fraction of its age), the dust is not dispersed
into an axisymmetric ring, in contrast to the case of a vortex formed by a planet. This is because
accumulation of mass at the dead zone edge constantly replenishes the vortex, preventing it from
being fully destroyed. We produce synthetic dust emission images using our simulation results. We
find that multiple small clumps of dust may be distributed azimuthally. These clumps, if not resolved
from one another, appear as a single large feature. A defining characteristic of a disk with a dead
zone edge is that an asymmetric feature is accompanied by a ring of dust located about twice as far
from the central star.
Subject headings: protoplanetary disks – hydrodynamics – submillimeter: planetary systems
1. INTRODUCTION
A number of transitions disks (protoplanetary disks
with central dust cavities; see Espaillat et al. 2014 for a
review) exhibit significant asymmetries in mm/sub-mm
dust emission (van der Marel et al. 2013; Casassus et
al. 2013; Isella et al. 2013; Pe´rez et al. 2014; van der
Marel et al. 2016). It is commonly suggested that these
asymmetries are the result of dust trapping in large-scale
vortices (e.g., Rega´ly et al. 2012; Lyra & Lin 2013; Zhu &
Stone 2014). These can arise at axisymmetric “bumps”
in the disk, as a result of the Rossby Wave Instability
(RWI; Lovelace et al. 1999; Li et al. 2000, 2001; Me´heut
et al. 2012a). Note that an alternative origin for asym-
metries, resulting from the presence of a central binary,
was recently suggested by Ragusa et al. (2017).
One route to vortex formation is the opening of a gap
by a planet embedded in the disk. The outer edge (and
sometimes inner edge) of the gap can be RWI-unstable,
resulting in the formation of a vortex (Li et al. 2005).
The survival of the vortex is inhibited by both viscosity,
and by feedback drag exerted on the gas by the accu-
mulated dust (Fu et al. 2014a, 2014b), although continu-
ous accretion can help to sustain them. Unless both the
disk viscosity and dust-to-gas ratio are very small, a vor-
tex formed in this fashion is unlikely to survive for more
than a few thousand orbits, after which the vortex is
dissipated, and the dust contained within it is dispersed
into a ring (Fu et al. 2014b; Surville et al. 2016). For
the typical orbital periods of observed disk asymmetries,
this vortex lifetime corresponds to a small fraction of
the disk lifetime, which may be several times 104 orbits.
This implies that it is unlikely to be observed, which is
problematic if disk asymmetries are common.
rjm456@cornell.edu
There is an alternative channel for producing dust-
trapping vortices via the RWI that does not require em-
bedded planets. Protoplanetary disks are expected to be
inefficient at transporting angular momentum via turbu-
lence in their inner regions, due to suppression of the
magnetorotational instability by non-ideal MHD effects
(Gammie 1996; Bai & Stone 2013; Bai 2014; Lesur et
al. 2014; Simon et al. 2015; Bai 2016), and a lack of
non-thermal ionization sources (e.g., Cleeves et al. 2013).
This region, known as the dead zone (DZ), may extend
to a significant fraction of 100AU from the central star.
Beyond the DZ, the disk is turbulent, resulting in angular
momentum transport and mass accretion. The edge of
the DZ is therefore characterized by a sharp increase in
turbulent viscosity (for the case of an Ohmic DZ, the gra-
dient of effective viscosity at the DZ edge is sharp, even
when that of the underlying resistivity is not; Lyra et
al. 2015). The presence of a viscosity transition leads to
accumulation of mass, creating an RWI-unstable bump
at which a vortex may be formed (Varnie`re & Tagger
2006; Lyra et al. 2009; Rega´ly et al. 2012; Lyra & Mac
Low 2012; Miranda et al. 2016). Note that the DZ also
has an inner edge, but its proximity to the central star
(∼ 0.1AU; Gammie 1996) makes it irrelevant to the dy-
namics of the outer disk (∼ 50AU) where asymmetric
features are observed, and so we are only concerned with
the outer edge of the DZ in this study.
In this paper, we carry out high-resolution 2D hydro-
dynamic simulations of vortex formation at a DZ edge,
including a full treatment of dust dynamics, with feed-
back. We evolve the disk for 104 orbits, representing a
substantial fraction of the lifetime of a protoplanetary
disk. We find that, unlike in the case of a vortex at a
planetary gap edge, non-axisymmetric dust trapping can
be maintained for very long periods of time. We also
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2carry out radiative transfer calculations to produce sim-
ulated sub-mm images from our results.
The outline of this paper is as follows. In Section 2,
we describe the setup for our high-resolution numerical
simulations, as well as the method for creating simulated
mm images from them. In Section 3, we present the
main results of the numerical simulations, as well as the
simulated images. Finally, in Section 4, we discuss and
contextualize our results.
2. NUMERICAL SETUP
We consider a two-dimensional thin disk of gas and
dust described in polar coordinates (r, φ) by gas sur-
face density Σg, dust surface density Σd, gas velocity
vg and dust velocity vd, around a star of mass M∗.
The equation of state for the gas is locally isothermal,
P = c2s (r)Σg, where P is the height-integrated pres-
sure and cs(r) = cs,0(r/r0)
−1/4 is the radially-dependent
sound speed. The scale height of the disk is H = cs/ΩK,
where ΩK = (GM∗/r3)1/2 is the Keplerian orbital fre-
quency. The value of cs,0 is chosen so that H/r = 0.05
at r0, and the disk is slightly flared, with H/r ∝ r1/4.
We solve the two-fluid hydrodynamic equations de-
scribing the coupled evolution of gas and dust using the
la-compass code (Li et al. 2005, 2009; Fu et al. 2014a,
2014b), including the effects of aerodynamic drag on
the dust, as well as on the gas (i.e., the back-reaction
or feedback), and dust diffusion. The radial extent of
the computational domain is [0.2, 4.39], in units of the
scaling radius r0. The initial surface density profie is
Σg = Σ0(r/r0)
−1, which corresponds to a steady state
for a disk with constant α and our chosen sound speed
profile. Initially, the dust surface density follows the gas
surface density according to Σd = ηdΣg. Our standard
value for the initial dust-to-gas ratio is ηd = 0.01. The
value of this parameter, along with several others de-
scribed in this section, were varied in several parameter
study runs, which are defined in Table 1. The gas sur-
face density and velocity are fixed at their initial values
at both the inner and outer boundaries. An outflow in-
ner boundary condition and a zero radial velocity outer
boundary condition are imposed on the dust. We do not
consider the effects of disk self-gravity or the “indirect
potential” due to the motion of the central star (this is
justified by our small disk mass, Mdisk/M∗ ≈ 10−4; see
Section 2.2). Throughout this paper we express time in
units of “orbits”, where 1 orbit = 2pi/Ω0 is the Keplerian
orbital period at r0.
Our numerical resolution is Nr × Nφ = 2048 × 3072
(with uniform grid spacing in both r and φ), so that the
disk scale height is resolved by about 25 grid cells at r0,
and each run is evolved for 104 orbits. The Standard run
was also simulated at a higher resolution, Nr × Nφ =
4096× 6144, for 4000 orbits, for comparison.
2.1. Viscosity Profile
The gas has a (turbulent) kinematic viscosity given
by ν = αc2s/ΩK (Shakura & Sunyaev 1973). The DZ is
modeled using a radially varying viscosity parameter,
α(r) = α0
{
1− 1
2
(
1− αDZ
α0
)[
1− tanh
(
r − rDZ
∆DZ
)]}
.
(1)
Here α0 = 10
−3 and αDZ = 10−5 are the active zone and
dead zone viscosity parameters (these values are broadly
consistent with recent non-ideal MHD simulations, e.g.,
Simon et al. 2015, and models motivated by such sim-
ulations, e.g., Bai 2016). Note that our results are not
strongly dependent on the value of αDZ, as long as it is
much less than α0. The transition between the two re-
gions is located at rDZ = 1.5r0, and has a width of ∆DZ,
which in our standard run is chosen to be equal to the
local scale height, ∆DZ = H(rDZ) = 0.083r0.
The viscous timescale is (e.g., Lynden-Bell & Pringle
1974) tvisc = (4/9)r
2/ν = 2.8 × 104(r/r0) orbits (for
r/r0 & 1.5). Therefore, the 104 orbit duration of our
simulations is not long enough for significant global evo-
lution of the gas surface density profile to occur. The
viscous timescale associated with the viscosity transition,
i.e., the timescale for bump accumulation, is smaller by
a factor of (∆DZ/r)
2, resulting in tbump ≈ 100 orbits.
2.2. Gas and Dust Parameters
We adopt the observationally derived parameters for
the disk around Oph IRS 48, choosing M∗ = 2M, r0 =
50AU (so that 1 orbit = 250 yr), and Σ0 = 5.401 ×
10−6M∗/r20 = 0.0384g/cm
2 (Bruderer et al. 2014). Our
choice of r0, along with our adopted DZ parameters (edge
at 75AU), result in vortices that form at about 60−65AU
from the central star, coincident with the location of the
peak mm emission in the system. The dust dynamics
are characterized by the Stokes number, which, in the
Epstein regime, is given by St = pispρp/(2Σg), where sp
and ρp are the dust size and density. We choose ρp =
0.8g/cm3 and sp = 1mm, resulting in St = 3.27 at r0
initially. Thus, the dust experiences nearly the maximum
possible radial drift (the maximum occurs for St = 1),
and is also nearly the most susceptible to being trapped
in vortices, hence giving the strongest possible feedback
to the gas.
The total gas mass is Mg = 0.30MJ and the total dust
mass is Md = 0.94M⊕, although these values are sensi-
tive to the extent of the disk, especially the location of
the outer boundary, which is somewhat arbitrary. For
the canonical parameters, the time required for dust to
drift from rout to r = 1.25, the approximate location
where vortices form, is tdrift = 1250 orbits. There is
about 0.71M⊕ of dust beyond the vortex radius, which
could potentially be trapped there. As the duration of
our simulation is about 8 times the drift timescale, we
expect that the dust will have fully settled into a global
quasi-equilibrium by the end of the simulation, i.e., drift
on a global scale will no longer be occurring.
2.3. Synthetic Observations
We use the results of our hydrodynamic simulations to
produce simulated maps of dust continuum emission, us-
ing radmc-3d (Dullemond 2012), following the method
described by Jin et al. (2016), which we briefly summa-
rize here. First, we perform a thermal Monte Carlo sim-
ulation to determine the temperature structure of the
disk, which is determined by the distribution of small
(µm) dust grains. For our standard parameters, µm-
sized dust grains have St ∼ 0.003 at r0, and so do not
necessarily remain perfectly coupled to the gas over thou-
sands of orbits. Nonetheless, we assume that their dis-
3Name Σ0 [g/cm2] ηd ∆DZ
Standard 0.0384 0.01 H
GasHigh 0.3840 0.01 H
DustHigh 0.0384 0.10 H
ViscSharp 0.0384 0.01 H/2
ViscBroad 0.0384 0.01 2H
TABLE 1
Simulation names and parameters
tribution follows the three-dimensional structure of the
gas, which is extrapolated from the gas surface density,
with a fixed dust-to-gas ratio. The dust opacity for µm-
sized dust used in the temperature calculation is mod-
eled as in Isella et al. (2009), using a grain size distribu-
tion n(a) ∝ a−3.5 between 0.005µm and 100µm. The
disk is illuminated by a star with Teff = 9500K and
L = 24L (using the parameters for IRS 48 from Fol-
lette et al. 2015). Next, the two-dimensional surface
density of large (mm) dust is also extrapolated into a
three-dimensional density. These particles generally have
a different scale height than the gas due to vertical set-
tling. If settling is opposed only by turbulent diffusion,
the dust scale height is Hd =
√
α/(St + α)Hg (e.g., Birn-
stiel et al. 2016), which can be extremely small compared
to the gas scale height. However, in the scenario we con-
sider, vertical motions associated with vortices may not
allow dust to settle to this degree. Instead, we adopt
Hd = 0.1Hg, based on the results for vertical dust dis-
tributions in vortices from Me´heut et al. (2012b), for the
largest particles they considered (St = 0.5). Finally, the
density distribution of mm dust, along with its opacity
(calculated the same way as for the µm dust, but with a
maximum grain size of 1mm), and the temperature dis-
tribution, are used to create a synthetic thermal emission
map at 440µm (ALMA Band 9). The system is placed
at a distance of 120pc with an inclination of 50◦ (again
adopting the parameters of IRS 48), and the emission
map is convolved with a Gaussian beam of a given size
in order to simulate an interferometric observation.
3. RESULTS
3.1. Standard Run
Figure 1 summarizes the evolution of the Standard run
(see Table 1). Here, snapshots of gas surface density,
dust surface density, and Rossby number (dimensionless
vorticity perturbation) Ro = [∇ × (vg − vK)]z/(2ΩK)
are shown at several key points in time. Note that neg-
ative values of Ro correspond to local rotation in the
opposite direction of the bulk orbital motion, i.e., an-
ticyclonic rotation (only anticyclonic vortices are stable
against the Keplerian shear of the disk). In the first snap-
shot (t = 300 orbits), three vortices have been formed by
the RWI, which has been triggered at the bump formed
by accumulation of mass near the viscosity transition.
A significant amount of dust has been collected axisym-
metrically at the bump, such that Σd/Σg ≈ 1. In the
next snapshot (500 orbits), the three gas vortices have
merged into a single vortex. The ring of dust at the pres-
sure maximum has become clumpy, with Σd/Σg ≈ 10
at some points. In the third snapshot (1000 orbits), the
configuration is not much different than the previous one
(although by this point, the outer disk has been entirely
cleared of dust due to radial drift). In the fourth snap-
shot (2000 orbits), the amplitude of the gas density per-
turbation has increased due to continued accumulation
of gas from the viscosity transition. At this point, much
of the dust in the ring has become concentrated into two
clumps, which are separated in azimuth. Finally, in the
fifth snapshot (4000 orbits), the dust has become mostly
concentrated into a single compact clump, in which the
dust-to-gas ratio is in excess of 100 (although the loca-
tion of the largest dust density is not exactly coincident
with that of the largest gas density, which is also true in
some of the previous snapshots). Additionally, the peak
gas density has modestly increased since the last snap-
shot (∼ 20% in 2000 orbits), due to continued accretion.
Note that at later times, the dust becomes somewhat
more spread out again, although its distribution still re-
mains strongly non-axisymmetric.
Figure 2 shows several snapshots of the Standard run
with feedback turned off, in order highlight its effects.
Comparing with Figure 1, we see that feedback weakens
the gas vortex, i.e., reduces the amplitude of the gas den-
sity and vorticity perturbations, and causes it to become
elongated. Without feedback, the vortex aspect ratio
(determined by the shape of the Ro = 0 contour bound-
ing the region of anticyclonic vorticity) is ∼ 8 at 2000
orbits, with feedback it is ∼ 20. Since the vortex is much
stronger without feedback, it migrates substantially (Li
et al. 2001; Paardekooper et al. 2010), moving inward by
about 5AU in 1000 orbits. Thus, feedback weakens the
vortex so that it migrates negligibly, staying in nearly
the same place for 104 orbits. The “turbulent” features
in the vortex, traced by the vorticity field, are caused by
the feedback, as without it, the vorticity distribution is
much smoother. The “shock” feature at which the vor-
ticity changes sign, effectively defining the edge of the
vortex, is present regardless of whether or not feedback
is turned on. Without feedback, the dust is very effi-
ciently accumulated in the vortex, collecting into what is
essentially a single point by 1000 orbits, and remaining
that way indefinitely. This is in stark contrast to the case
with feedback, for which the dust is still in the form of
a clumpy ring at 1000 orbits, and does not accumulate
into a single feature (which is more extended than in the
no feedback case) until 4000 orbits. Feedback therefore
slows down and reduces the efficiency of dust trapping,
but does not completely inhibit it.
The evolution of the azimuthal dust distribution in the
vortex region for the Standard run (with feedback) is
further illustrated in Figure 3 (top panel). We use this
to define several different phases or morphologies that
the dust can exhibit. Between a few hundred and about
2000 orbits, the dust distribution is not completely ax-
isymmetric, but rather is clumpy. We denote this the
“clumpy ring” phase, which is represented by the first
three columns of Figure 1. Between about 2000 and 4000
orbits, in what we denote the “multiple clumps” phase,
which illustrated by the fourth column of Figure 1, there
are two distinct clumps, initially separated by ∼ 180◦.
The two clumps eventually merge, leading to the “clean
asymmetry” phase (e.g., the fifth column of Figure 1),
which persists for about 1000 orbits. In this phase, es-
sentially all of the dust in the annulus is contained in
this clump. For the remainder of the evolution (after
about 5000 orbits), there is still one strong feature, but
it is partially surrounded by a residual ring with a lower
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Fig. 1.— Snapshots of gas surface density Σg (in units of Σ0; top row), dust surface density Σd (also in units of Σ0; middle row), and
dimensionless vorticity or Rossby number, Ro (bottom row), in the r − φ plane, for the Standard run. Here the full azimuthal extent of
the disk is shown, but only a small fraction of the radial domain, centered on the vortex region, is shown. Note that Σd is shown on a
logarithmic scale.
surface density. We denote this the “dirty asymmetry”
phase. A snapshot of this phase, which appears to be
the typical state for many thousands of orbits, is shown
in Figure 4, at 104 orbits. Note that the distinction be-
tween the different morphologies is somewhat subjective
and not concrete. For example, two discrete clumps of
dust closely separated in azimuth tend to appear as a
single feature in interferometric images (see Section 3.3),
and so there exists a continuum between the multiple
clumps and a clean asymmetry morphologies. Nonethe-
less, this classification scheme is useful for characterizing
our results.
In addition to the asymmetric features we have focused
on, there is also an axisymmetric ring of dust at about
r = 2.4 (120AU). The ring forms as a result of a weak
pressure maximum that forms there, in response to the
pressure minimum formed just outside of the DZ edge.
Once the ring is formed, dust that drifts from the outer
disk gets trapped in the ring and does not make it to the
vortex region. Thus, there is a finite supply of dust that
can be trapped in the vortex region. A larger computa-
tional domain with more dust available in the outer disk
would result in more dust being trapped in the ring, but
the vortex region would be unaffected. Together, the ring
beyond the DZ edge and the asymmetric features inte-
rior to it will make up the main features of our simulated
images (see Section 3.3).
We investigate the numerical convergence of our re-
sults in Figure 5, which shows the maximum dust-to-gas
ratio during the initial evolution of the Standard run, for
several different resolutions. In all cases there is an ap-
proximately exponential rise as dust is rapidly collected
in the bump/vortices, followed by fluctuations around an
approximately constant level, which is always in excess of
unity. Larger maximum values are achieved with increas-
ingly higher resolution. The range of the fluctuations is
similar for the two highest resolutions (2048× 3072 and
4096×6144), while for the lowest resolution (1024×1536),
the dust-to-gas ratio typically remains significantly be-
low this range. However, even for the highest resolution,
for which case the dust-to-gas ratio can reach several
hundred, and thus feedback is very strong, the overall
results are unchanged: the dust exhibits significant az-
imuthal asymmetries for the duration of the simulation.
3.2. Parameter Dependence
We investigated the effects changing several of the pa-
rameters of the Standard run. The parameters for these
runs are given in Table 1. Feedback is included in all
of these runs. The main results are shown in Figure 3,
which illustrates the evolution of the azimuthal dust dis-
tribution in the vortex region, and Figure 4, which shows
snapshots at 104 orbits.
3.2.1. Dust-to-Gas Ratio
A number of transition disks have been found to have
enhanced dust-to-gas ratios, as large as 0.1, compared the
primordial disks, for which the typical value is 0.01. We
performed a simulation with ηd = 0.1 (10 times larger
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Fig. 2.— Same as Figure 1, with dust feedback turned off.
than in the Standard run), labeled “DustHigh”. Note
that enhancement occurs in part due to radial drift of
dust, while the initial condition in our simulation essen-
tially represents a disk for which no drift has occured.
Thus, there is not necessarily a direct correspondence
between an observed dust-to-gas ratio and our value of
ηd.
As there is a larger reservoir of dust mass available to
be trapped by the vortex, larger maximum dust surface
densities are reached (a few times larger than in the Stan-
dard run). As a result, dust feedback is stronger, mak-
ing dust concentration more difficult. This is evident in
the azimuthal dust profile shown in Figure 3: the “clean
asymmetry” is only seen briefly, around 3500− 4000 and
5000− 6000 orbits. Instead, the distribution can usually
be described by the multiple clumps or dirty asymmetry
morphology. Nonetheless, the dust distribution remains
asymmetric at all times.
3.2.2. Disk Mass
The run labeled “GasHigh” features a gas surface den-
sity 10 times larger than in the canonical run (the dust
surface density is also larger so that the standard value
of ηd is maintained). As the standard gas surface den-
sity profiles represents IRS 48 as it is observed today, at
an age of 8Myr, after experiencing significant evolution
(e.g., due to spreading, accretion, disk winds, photoevap-
oration, etc.), this profile could represent the system at
an earlier time when the disk was more massive. The
initial Stokes number of 1mm dust at r0 is 0.327 in this
run, and so the dust dynamics are different than in the
Standard run. Note that this run can also represent the
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Fig. 3.— Azimuthal dust distribution as a function of time, for
different runs. In each panel, vertical slices represent the average
dust density distributions in an annulus of width H/2, centered on
the grid cell containing the largest dust density, at different times
(the profiles are shifted so that the maximum conincides with φ =
pi). For the Standard run, the time intervals corresponding to the
clumpy ring (“CR”), multiple clumps (“MC”), clean asymmetry
(“CA”), and dirty asymmetry (“DA”) phases are indicated.
dynamics of particles ten times smaller (0.1mm) with the
standard gas density profile.
Owing to the different dust dynamics, the dust is
trapped in the vortex differently, typically forming sev-
eral (2 − 4) compact clumps, usually separated by not
more than 180◦ in azimuth, and often much less, as seen
in Figure 3. The clean or dirty asymmetry morphologies
are rarely seen. The most striking difference compared
to the Standard run is that the axisymmetric dust ring at
2.4r0 is not formed. Since the dust in the outer disk has
St ≈ 1, the time required for dust to drift from the outer
boundary to r ≈ 1.25r0 is only about 300 orbits, about
4 times faster than in the Standard run. This is shorter
than the time required to form the weak secondary pres-
sure maximum beyond the DZ edge, thus dust never has
a chance to be trapped there, and can only be trapped
by the vortex. This leads to a situation in which nearly
all of the dust in the disk is situated on one side of the
star at at any given time.
3.2.3. Viscosity Transition Width
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Fig. 4.— Snapshots of different runs at 104 orbits.
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Fig. 5.— The maximum dust-to-gas ratio versus time for the
Standard run, for several numerical resolutions.
We vary the width of the viscosity transition, in the
runs labeled “ViscSharp” and “ViscBroad”, which have
∆DZ = H/2 and 2H, respectively. In the ViscSharp run,
the sharper viscosity gradient leads to more vigorous ac-
cumulation of mass at the DZ edge, which replenishes
the RWI-unstable bump more quickly, resulting in more
robust vortex formation. In the snapshot shown in Fig-
ure 4, there are actually two vortices present, indicat-
ing that they are continuously being formed (i.e., RWI
modes with m > 1 are still being excited). The vortex is
therefore less susceptible to destruction by feedback. The
amplitude of the gas perturbation is larger (although it
is still not strong enough to migrate substantially), and
most of the dust tends to be maintained in the center of
a vortex. The evolution of the azimuthal dust distribu-
tion is not very different from the Standard run, except
that the dirty asymmetry morphology is dominant most
of the time.
In the ViscBroad run, mass is not accumulated into
a sharp enough bump to trigger the RWI, so the disk
remains axisymmetric (this result is in agreement with
previous studies which find that excitation of the RWI
requires ∆DZ . 2H, e.g., Lyra et al. 2009; Rega´ly et
al. 2012). However, at around 1800 orbits, there is a
transient growth of a very small deviation from axisym-
metry in the gas that lasts for 200 orbits and reaches
an amplitude of only ∼ 1%, which is then damped. In
response, the dust becomes slightly asymmetric (barely
discernible in Figure 3), although the asymmetry decays
with time. Visually, the dust distribution near the DZ
has a ring morphology for the entire simulation. Addi-
tionally, in this run, while a ring instead of an asymmetry
is formed at r ≈ 1.25, the second ring at r ≈ 2.4, which
appears in the other runs, is not created. The reason
for this is similar to the reason for the lack of a ring in
the GasHigh run–dust drifts through the outer disk be-
fore the secondary bump is created, in this case due to
the increased timescale for gas surface density evolution,
owing to the broader viscosity transition.
3.2.4. Initial Surface Density Profile
In all of the runs we have presented, we adopted
smooth initial profiles for the gas and dust surface den-
sities. An RWI-unstable bump is self-consistently pro-
7duced by the DZ viscosity transition, as the disk at-
tempts to reach an equilibrium in which the accretion
rate, M˙ ∼ νΣg, is radially constant (this requires Σg to
be enhanced by a factor of α0/αDZ = 100 in the DZ).
The smooth initial profile, which ignores the presence of
the viscosity transition, may not necessarily represent the
true initial state of the disk, and so we may ask how our
results are affected if the disk has already had a chance
to partially evolve toward this equilibrium. We explored
this by first allowing the disk to evolve in 1D (i.e., with
enforced axisymmetry) for several thousand orbits, be-
fore proceeding to evolve it in full 2D. We find that, as the
gas surface density becomes enhanced in the DZ, a sharp
bump near the viscosity transition always arises, since
the viscous timescale associated with the viscosity tran-
sition is much shorter than the timescale to distribute
mass farther inwards towards the DZ. Therefore, regard-
less of the specifics of the global profile, the viscosity
transition guarantess the existence of an RWI-unstable
bump which forms vortices. Radial drift ensures that
dust becomes localized to the bump.
3.3. Synthetic Images
Images of the different phases of the Standard run are
shown in Figure 6, for different beam sizes. An ubiq-
uitous feature in all of them is a ring at about 120AU,
corresponding to dust trapped at the secondary pressure
maximum that arises outside of the DZ edge. The ap-
pearance of this ring does not change much during the
disk evolution. Additionally, there is the asymmetric fea-
ture at about 60 − 65AU, corresponding to the region
shown in Figures 1 and 3. For this run, the appearance
of the dirty asymmetry morphology is not very different
from that of the clean asymmetry morphology, except for
an arc of emission whose brightness is about 10% of the
peak brightness of the asymmetric feature.
In all 4 images, the ring and asymmetric feature are
not resolvable as separate features when convolved with
the largest beam, which corresponds approximately to
the resolution of ALMA cycle 0 (as in the image of IRS
48 in van der Marel et al. 2013). As a result, the ring
and asymmetry appear nearly coincident radially, and
the brightness contrast around the apparent asymmetric
ring appears to be small (a few). For a beam that is
twice as small, the ring and asymmetry can be distin-
guished from one another, and the brightness contrast
along the annulus containing the asymmetric feature is
revealed to be very large–effectively infinite on the lin-
ear scale shown (in fact it is about 103). At the highest
resolution (corresponding approximately to the optimum
resolution achievable by ALMA), it is revealed that some
of the asymmetric features, which appear to constitute
a single feature at lower resolutions, are in fact made of
several compact clumps or arcs. For example, in the im-
age taken at 4000 orbits, what appeared to be a single
feature at lower resolution is shown to in fact be 4 very
small patches of emission clustered together azimuthally.
However, as these patches are very small (only a few
grid cells wide in the hydro simulations), they are still
not resolved at this resolution, and their apparent size is
consistent with the beam size.
Figure 7 shows images of the other runs taken at 104
orbits. The DustHigh run appears similar to the Stan-
dard run at 2000 orbits, although the ring is almost as
bright as the asymmetric features, as a result of more
dust being trapped there. In the GasHigh run, since the
outer ring is not formed, the dust emission is dominated
by the asymmetric feature, so that all of the dust ap-
pears to be on one side of the disk. For this reason, the
low resolution image of this run bears the most resem-
blance to IRS 48. In this case, as for the Standard run, at
optimum resolution, the asymmetric feature is revealed
to actually consist of several unresolved sub-components.
The ViscSharp image is similar to the clean asymmetry
(or perhaps the multiple clumps) phase of the Standard
run. The ViscBroad run exhibits only an axisymmetric
ring (with 10% brightness variations) at the same radius
that the other runs have asymmetries. Except for the
ViscBroad run, none of the runs are completely axisym-
metric at 104 orbits.
4. DISCUSSION
We performed high-resolution, two-dimensional hydro-
dynamic simulations of dust trapping in vortices formed
at the outer edges of DZs, including the effect of dust
feedback. We found that, while feedback somewhat in-
hibits and slows down the process of azimuthal dust trap-
ping, it does not ultimately prevent it from occuring.
This is in contrast to the case of a vortex at the edge of a
planetary gap, in which the vortex is destroyed and the
dust is released into a ring. The key difference between
these scenarios is that in the DZ case, the viscosity tran-
sition leads to continuous accumulation of gas at the DZ
edge, which allows the RWI to be sustained, constantly
replenishing the vortex. This process is able to overcome
dust feedback, which attemps to destroy the vortex. As
a result, dust remains trapped, although the vortex is
weak, and the trapping is weaker than it is without feed-
back. Asymmetric features in emission maps of the disk
persist for at least 104 orbits (the total duration of our
simulations). Therefore, a disk with a DZ may appear
asymmetric for most of its lifetime. We created syn-
thetic images of thermal dust emission to compare the
appearance of these features to those observed in transi-
tion disks.
Observed asymmetric features in transition disks ap-
pear to have large radial widths, much wider than the
coherence width of a vortex, which is no more than a few
pressure scale heights. However, the apparent widths are
approximately consistent with one beam width, suggest-
ing that the features are not resolved. Future observa-
tions may have the potential to resolve these features,
which may be much narrower. This has also been pro-
posed for vortices at planetary gap edges (Zhu & Stone
2014), though larger features are possible due to the ef-
fects of self-gravity and the reflex motion of the central
star, provided the disk is sufficiently massive (Mittal &
Chiang 2015; Zhu & Baruteau 2016, Baruteau & Zhu
2016). Additionally, the observed asymmetric features
have different azimuthal widths, ranging from relatively
compact (∼ 45◦) to extended “horseshoe/banana” fea-
tures extending more than 180◦ in azimuth. As with
the radial width, the azimuthal extent may also be unre-
solved. Our results suggest that, if transition disk asym-
metries are a result of viscosity transitions at DZ edges,
they consist of very compact clumps of dust, or perhaps
multiple clustered clumps, which individually are unre-
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Fig. 6.— Synthetic images at 440µm for the Standard run at several points in time. The disk is placed at a distance of 120pc with an
inclination of 50◦, and convolved with three different Gaussian beams: 0.31′′×0.23′′ (top row), 0.16′′×0.11′′ (middle row), and 0.03′′×0.02′′
(bottom row). The beams are shown in the leftmost panels of each row. The different snapshots correspond to several different possible
morphologies, including (from left to right) the clumpy ring, multiple clumps, clean asymmetry, and dirty asymmetry phases. Note that
each image has each been scaled by its maximum intensity, which ranges from about 2− 4 mJy/beam (for the smallest beam size) to about
15− 20 mJy/beam (for the largest beam size).
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Fig. 7.— Synthetic images at 440µm (as in Figure 6) at 104 orbits for the runs with varied parameters.
9solvable even with a resolution of 0.02′′.
Another distinctive feature of our results is that there
is also an axisymmetric ring of dust emission, located
about twice as far from the star as the asymmetric fea-
tures. When observed with low resolution, the two fea-
tures blur together, taking the appearance of an asym-
metric ring with only small brightness variations in az-
imuth. Higher resolution observations allow the two fea-
tures to be resolved, revealing that the asymmetry in
fact has a much higher brightness contrast. A similar
phenomenon, in which an apparent weak asymmetry is
resolved into a stronger asymmetry and an axisymmetric
ring, located at different distances from the central star,
was seen in observations of HD 135344B/SAO 206462.
The asymmetry was first seen to be quite weak, with
an azimuthal intensity variation of less than 2 (Pe´rez et
al. 2014), due to the (relatively) low resolution of the
observation. Later observations, which achieved a bet-
ter spatial resolution of 0.16′′, were able to distinguish
an asymmetry with an azimuthal intensity variation of
4 from a ring which is very close to axisymmetric, with
an intensity variation of less than 1.2 (van der Marel
et al. 2016). However, the asymmetric feature is far-
ther from the the star than the axisymmetric ring, in
contrast to our results, in which the asymmetric fea-
ture is closer to the star than the ring. Additionally,
this object also exhibits spiral structure in infrared scat-
tered light, which may indicate the presence of a planet
that may be responsible for the asymmetry. Nonethe-
less, this demonstrates the potential for future observa-
tions to distinguish a weak asymmetry from an unre-
solved ring/asymmetry combination.
A large amount of dust is trapped in the asymmetric
features near the DZ edge. A few tenths of an Earth
mass are accumulated in the the most dense clumps. As
the dust densities reach about 10g/cm2 (or several times
larger if the initial dust-to-gas ratio is enhanced), gravi-
tational collapse or the streaming instability may occur
in these clumps (see Raettig et al. 2015). They con-
tain enough mass to form not just planetesimals, but
potentially planetary embryos directly. Additionally, if
such embryos are created, the trapped particles, which
experience maximal drift with respect to the gas, may
be quickly accumulated further through pebble accretion
(e.g., Owen & Kollmeier 2016).
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